White-tailed deer ( Odocoileus virginianus ) were nearly extirpated from the southeastern USA during the late 19th and early 20th centuries. Recovery programmes, including protection of remnant native stocks and transplants from other parts of the species' range, were initiated in the early 1900s. The recovery programmes were highly successful and deer are presently numerous and continuously distributed throughout the southeastern USA. However, the impact of the recovery programmes on the present genetic structure of white-tailed deer remains to be thoroughly investigated. We used 17 microsatellite DNA loci to assess genetic differentiation and diversity for 543 white-tailed deer representing 16 populations in Mississippi and three extra-state reference populations. There was significant genetic differentiation among all populations and the majority of genetic variation (≥ ≥ ≥ ≥ 93%) was contained within populations. Patterns of genetic structure, genetic similarity and isolation by distance within Mississippi were not concordant with geographical proximity of populations or subspecies delineations. We detected evidence of past genetic bottlenecks in nine of the 19 populations examined. However, despite experiencing genetic bottlenecks or founder events, allelic diversity and heterozygosity were uniformly high in all populations. These exceeded reported values for other cervid species that experienced similar population declines within the past century. The recovery programme was successful in that deer were restored to their former range while maintaining high and uniform genetic variability. Our results seem to confirm the importance of rapid population expansion and habitat continuity in retaining genetic variation in restored populations. However, the use of diverse transplant stocks and the varied demographic histories of populations resulted in fine-scale genetic structuring.
Introduction
Many species of mammals have declined within the past two centuries due to human-caused disturbances such as habitat loss, habitat fragmentation and the unsustainable use of natural resources. The restoration of these extirpated or formerly abundant populations has been a common management goal and is often attempted by translocating individuals from viable populations. Modern restoration efforts have focused on avoiding or reversing the loss of genetic diversity in existing populations or establishing genetically diverse new populations in formerly occupied areas (Leberg 1990 ). However, historical translocation programmes often failed to consider the inter-relatedness of genetic variability, stock source and number of founders (Nielsen 1988) . Many restored populations have undergone genetic bottlenecks, founder events or suffered extended periods of small population size. Managers are, therefore, concerned about levels of genetic diversity in these populations due to the potential deleterious effects of reduced genetic diversity on fitness and future population viability (Allendorf & Leary 1986; Hedrick & Miller 1992) .
The effects of historical re-introduction programmes on the levels and patterns of genetic diversity in restored populations of mammals have only recently begun to be documented in detail (Leberg & Ellsworth 1999; Polziehn et al . 2000; Williams et al . 2000; Kyle et al . 2001; Maudet et al . 2002) . It is important to investigate a greater number of these conservation 'success stories' to provide a clearer picture of the effects of successful management actions and to guide future management decisions. One such case that has not been thoroughly investigated is the restoration of white-tailed deer ( Odocoileus virginianus ) to the southeastern USA (hereafter southeast). Populations of white-tailed deer were nearly extirpated throughout much of the southeast by the early 20th century, primarily due to overexploitation. Efforts to restore deer populations through harvest regulation and restocking (trapping and transplanting) were initiated by many southeastern states during the early to mid-1900s (Blackard 1971 . Deer populations rebounded rapidly after restoration efforts were begun and deer presently occur in all parts of their former range. In fact, white-tailed deer have recovered to an extent that many current populations are described as overabundant (McShea et al . 1997) .
The recovery of white-tailed deer in the southeast represents possibly the largest and most successful conservation effort for a species of large mammal. However, such largescale conservation actions may have persistent effects on patterns of genetic variation in restored populations. Translocations of white-tailed deer in the southeast frequently involved small numbers of individuals, often selected solely for convenience of collection from areas harbouring viable populations (Smith et al . 1976 ). The establishment of new populations with a small number of founders may limit the amount of genetic variation in recovered populations. Even where relatively large founding populations are provided, survival of translocated individuals is often low (Nielsen & Brown 1988) , reducing the effective population size. In addition, native populations that experienced severely reduced census size and recovered without receiving translocated stocks may show the effects of genetic bottlenecks. Finally, the use of geographically distant source populations or the restocking of disparate areas with common stocks can alter patterns of genetic distance between populations or, in extreme cases, be detrimental to population viability (Templeton 1986) .
Previous genetic studies of southeastern deer populations using allozymes and mitochondrial DNA restriction fragment haplotypes documented spatial heterogeneity among populations, associations between populations with common stocking histories and hinted at the presence of genetic bottlenecks (Sheffield et al . 1985; Kennedy et al . 1987; Karlin et al . 1989; Ellsworth et al . 1994a,b; Leberg et al . 1994; Leberg & Ellsworth 1999) . However, the resolution of these markers is low, limiting their inferential power. Rapidly evolving genetic markers are a valuable new tool for investigating fine-scale patterns of genetic variation. The comparatively high mutation rates and selective neutrality of microsatellite DNA loci have made microsatellites especially useful for deciphering relationships among closely related populations (Bowcock et al . 1994; Takezaki & Nei 1996; Honeycutt 2000) . In addition, microsatellite data permit the evaluation of a population's genetic history, including genetic bottlenecks or founder events (Cornuet & Luikart 1996; Luikart et al . 1998) . In this study, we used a panel of 17 microsatellite DNA loci to describe patterns of genetic variation in white-tailed deer from Mississippi, a state where deer experienced severe population declines and subsequent recovery as a result of management actions. Specific objectives were to index genetic variation in recovered populations, determine if population genetic variation was depleted as a result of either genetic bottlenecks or founder events and to describe the patterns of genetic structure which have resulted from past management actions.
Materials and methods

Population history
In presettlement times, white-tailed deer occurred throughout Mississippi. Overexploitation by settlers steadily eroded deer populations until their near extirpation in the early 1900s. The statewide population was estimated at < 500 deer in 1933, with remnant native stocks largely confined to the Mississippi River delta (Fig. 1A; Leopold 1929; Blackard 1971) . Mississippi initiated vigorous translocation and protection efforts in the 1930s and at least 3208 individual deer were released during 1931 -1965 (Blackard 1971 . The majority of Mississippi's restocking efforts (2554 deer) consisted of within-state translocations but extrastate restocking sources were also used, including Alabama (unknown number), Kentucky (31), Louisiana (> 35), Mexico (> 195), North Carolina (35) and Wisconsin (358; Blackard 1971) . Areas within Mississippi where early reintroductions were successful, notably the Leaf River Refuge (Fig. 1B, Table 1 ), were used as source populations for later transplants. The Leaf River Refuge accounted for 64% of deer restocked in Mississippi by 1953 and > 750 deer by 1965 (Blackard 1971 .
Mississippi deer populations expanded rapidly after restoration efforts were begun, especially in the Mississippi River delta and in the southern portion of the state (Blackard 1971 
Sampling areas
Complete records of restocking efforts were not kept but the county, date and total number of deer released are available in most instances. We assumed that any release or remnant native deer population within the same county as the sampling site probably influenced the genetic composition of the contemporary deer population at that site. Likewise, releases or remnant natives in adjoining counties were considered as possibly influential when the sampling sites were near county boundaries. Using these criteria, we sampled a broad area of the state while including native stocks and populations that may have been influenced by translocations, founder events or genetic bottlenecks.
A priori identification of presumed native Mississippi stocks was difficult because the native populations were so drastically reduced. In addition, translocated deer were often released in or near populations containing native stocks. We were able to identify two sites, Sunflower and Wilkinson, areas where remnant natives persisted that have no recorded releases within the county (Fig. 1A and B) . Two other sampling sites, Ashbrook and Vaiden, are near both remnant native stocks and areas where deer were translocated (Table 1) . The other 12 Mississippi sampling sites were presumably either founded or heavily influenced by releases (Fig. 1B, Table 1 ). Three extra-state reference populations, one each in northern Florida, central Oklahoma and southern Texas, were also sampled to lend scale to our genetic comparisons within Mississippi. The 19 areas sampled encompassed three white-tailed deer subspecies. Samples consisted of blood, muscle or liver tissue obtained during legal harvest, special collection by permit or capture.
DNA extraction and amplification
Total DNA was isolated from whole blood through either organic solvent purification or a commercial kit (Puregene™ DNA isolation kit; Gentra Systems Inc.). DNA was isolated from muscle and liver using Qiagen® mini spin columns (DNeasy™ Tissue Kit; QIAGEN Genomics Inc.). The general recommendations of the kit were followed except that 40 µ L proteinase K (20 mg/mL) and overnight incubation were used for tissue lysis.
We used a panel of DNA microsatellites optimized specifically for use in white-tailed deer (Anderson et al . 2002) . Markers in the panel were screened from published marker sets isolated from domestic cattle and sheep, mule deer ( O. hemionus ) and white-tailed deer. Seventeen of the original 21 loci in the panel were used. Of the remaining markers, 10 loci are dinucleotide repeats (BL25, BM4208, BM6438, BM6506, BM848, BovPRL, Cervid1, ILSTS011, INRA011 and OarFCB193) and seven are tetranucleotide repeats (D, K, N, O, P, Q and R; Anderson et al . 2002) . A complete description of the reaction conditions and primers is provided in Anderson et al . (2002) and DeYoung et al . (2003) .
Genetic diversity and bottlenecks
Allelic richness (number of alleles independent of sample size; El Mousadik & Petit 1996), gene diversity (Nei 1987) and F IS (Weir & Cockerham 1984) were calculated using the computer program fstat (Goudet , 2001 . Mean values over all loci within populations were computed and 95% confidence intervals were constructed for comparisons among populations. We tested for Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium using the computer program genepop , version 3.1C (Raymond & Rousset 1995) . Significance was estimated using the Markov chain method. Due to the large number of comparisons involved in the HWE and linkage disequilibrium tests, we performed a sequential Bonferroni correction for multiple tests (Rice 1989) .
Evidence of genetic bottlenecks was assessed using the computer program bottleneck , version 1.2.01 (Piry et al . 1999) . The algorithm tests for departure from mutationdrift equilibrium based on heterozygosity (not heterozygote) excess or deficiency. For each population, only loci in HWE were used. The tetranucleotide R locus was not included in the bottleneck tests because it was monomorphic in two populations and had only two evenly dispersed alleles in most others. Expected heterozygosity for all dinucleotide-repeat loci and for two tetranucleotiderepeat loci (D and P) was estimated with a two-phase mutation model (TPM; Di Rienzo et al . 1994 ). We used the program's default parameters for the TPM: 70% of mutation events were assumed to be single-step with a variance of 30%. Expected heterozygosity for the remaining four tetranucleotide-repeat loci was estimated using the infinite alleles model (IAM) according to Watterson (1984) . The IAM was used because these loci have alleles between the recognized repeat motif (e.g. separated by two or three base pairs), probably due to either interrupted repeat segments or mutations in the flanking sequences. For loci K, N, O and Q, the mean occurrence of unevenly spaced alleles averaged over all populations was 5, 32, 53 and 11%, respectively. Therefore, the IAM should be more appropriate than the TPM for these loci.
Simulations of 1000 iterations were conducted for both mutation models. We tested for heterozygosity excess using a Wilcoxon signed-ranks procedure (one-tailed) as described by Cornuet & Luikart (1996) , incorporating the appropriate heterozygosity estimate for each locus. The Wilcoxon test affords high power when at least 10 -15 polymorphic loci are used and the analysis can be performed on small ( c . 15 -40) samples (Cornuet & Luikart 1996) . A test statistic with a probability ≤ 0.05 was considered a significant departure from expected heterozygosity based on mutation-drift equilibrium. Population allele frequency distributions were also examined for mode-shifts, a qualitative indicator of genetic bottlenecks (Luikart et al . 1998 ).
Genetic distance and population relationships
The relationships among populations were investigated using both genetic distance and multivariate methods. Population allele frequencies were estimated using genepop and formatted for the computer program dispan (Ota 1993) to calculate Nei's D A (Nei et al . 1983 ) between all population pairs. When microsatellites are used, Nei's D A is more efficient at recovering simulated population relationships than many other distances (Takezaki & Nei 1996) and has performed well on empirical data (Paetkau et al . 1997 ). Nei's D A is also useful because no assumption is made of an underlying evolutionary model, unlike other measures of divergence such as F ST (Nei & Kumar 2000) . We generated 10 000 data sets by bootstrapping over loci and estimated D A for each data set. A consensus phylogenetic tree was then constructed using the neighbour-joining method (Saitou & Nei 1987) .
As some populations are known to be admixed, we also used a multivariate procedure to represent population relationships (Felsenstein 1982) . Multivariate procedures are recommended in this situation because the admixed populations are not original evolutionary units and may be misrepresented by phylogeny-based tree-building techniques (Cavalli-Sforza et al . 1994) . Prior to multivariate analysis, we tested for congruence of loci following the two-step procedure developed by Moazami-Goudarzi & Laloe (2002) . This is because a consensus representation of population relationships is not meaningful if single markers are not congruent, as would occur if many of the genetic distances among populations based on individual loci were negatively correlated (Moazami-Goudarzi & Laloe 2002) . Euclidean distance matrices between all populations were first generated for each locus and correlations between them estimated using a Mantel procedure (Mantel 1967) . Next, marker congruence was investigated by performing a factor analysis ( factor procedure, sas software package, version 8; SAS Institute 2000) on the matrix of correlations and a Kruskal-Wallis test ( npar 1 way procedure; SAS Institute 2000) on rank scores of standardized distances between populations. The correlation circle produced by the factor analysis will produce a visual representation of marker congruity, while a significant Kruskal-Wallis test indicates that a compromise structure exists because distances are unequal between populations. If a compromise structure exists, then a multivariate analysis, such as principal components analysis (PCA; Johnson 1998), will be meaningful. Prior to performing a PCA, the population allele frequencies were standardized by dividing by [ p (1 -p )] 1/2 where p is the mean allele frequency (Cavalli-Sforza et al . 1994) . A PCA was then done using the allele frequencies as variables ( princomp procedure; SAS Institute 2000).
Population differentiation was tested using permutations of genotypes between samples in fstat . An additional evaluation of population differentiation was performed using a Bayesian classification algorithm implemented with the computer program geneclass (Cornuet et al . 1999) . The algorithm assigns individuals to the population in which they are most likely to occur based on allele frequencies. The assignment procedure allows an assessment of the genetic distinctiveness of populations. We used the 'leave one out' procedure, where allele frequencies are estimated for all populations in the absence of each individual prior to assignment of that individual to a population. Assignments were conducted only on populations within Mississippi. We also estimated the number of migrants per generation ( Nm ) using the private alleles method (Barton & Slatkin 1986) in genepop for Mississippi population groupings inferred from the phylogenetic tree or by geographical proximity. The Nm statistic is based on the number of private alleles between populations (i.e. alleles present in one population but not in another) and assumes that rare alleles have reached a quasi-equilibrium distribution.
Nm is essentially a measure of the breadth of the distribution of allele frequencies, comparable to F ST (Barton & Slatkin 1986 ). Due to these conditions, the use of Nm for direct inference in the populations we sampled is not warranted. However, as translocations are essentially artificial migrations, patterns of migration rates between widely separated populations may reflect a shared genetic influence.
To determine how genetic variation is distributed among populations, we estimated correlations between genetic and geographical distances and tested for genetic structuring. The Mantel test option in genepop was used to perform 10 000 permutations between matrices of D A values and the natural log of straight-line geographical distances for all pairs of Mississippi populations and for populations grouped by subspecies. Patterns of genetic structure were investigated using the computer program arlequin (Schneider et al . 2000) . Hierarchical analyses of molecular variance ( amova ) were implemented and the significance of the results was assessed over 1000 permutations. The 95% confidence intervals for Wright's F ST (estimated as θ according to Weir & Cockerham 1984) for each group of populations in the amova was estimated by bootstrapping over loci in fstat (1000 replicates). Regional genetic structuring was assessed among populations grouped by subspecies. Finer-scale structure was assessed among population groups defined by the neighbour-joining tree and multivariate analyses.
Results
Genetic diversity and bottleneck analyses
We genotyped 543 deer from the 16 Mississippi and three outside reference populations. All populations displayed high levels of polymorphism and heterozygosity (Table 2) . We found 240 alleles at 17 loci over the total data set. Average gene diversity ranged from 0.67 to 0.74 (Table 2) but 95% confidence intervals overlapped among all populations, indicating that differences in gene diversity among populations were minor. Allelic richness ranged from 5.2 to 6.7 and differed among populations as indicated by nonoverlapping 95% confidence intervals (Fig. 2) . Allelic richness was highest in the Amite population ( X = 6.7), while the lowest values were observed in the Juniper Creek, King Ranch and Walker populations ( X = 5.5, 5.2 and 5.2, respectively). F IS ranged from 0.02 to 0.14 and differed from 0 in 10 populations (Table 2 ). The 95% confidence intervals for all populations overlapped, indicating that F IS was similar among populations. *Only loci in HWE were used; di-and tetranucleotide-repeat loci were analysed using two-phase and infinite alleles mutation models, respectively. †95% CI overlaps 0. ‡One locus (R-tetra) monomorphic.
There were 323 tests for HWE at the 17 loci for 19 populations; two locus-population combinations were monomorphic (locus: R, Joe Budd, FL and Upper Sardis, MS) and could not be tested. The global test for Hardy-Weinberg proportions over all populations resulted in a χ 2 value of infinity. After Bonferroni corrections were applied, deviations from HWE were found within 13 of 19 populations, where one to three loci were not in equilibrium (Table 2) . Overall, nine different loci deviated from Hardy-Weinberg expectations. Except for the N locus, which showed a heterozygote deficit in four populations, none of the other nine loci revealed a consistent pattern in HW deviation across populations.
Tests for linkage disequilibrium over all populations revealed linkage between BM848 and the Cervid1 and OarFCB193 loci (χ 2 = infinity). Within-population tests for the BM848-Cervid1 pair revealed P-values < 0.05 in five populations, although linkage remained significant only within the Joe Budd population after Bonferroni corrections. Linkage was detected at the BM848-OarFCB193 pair only within Joe Budd and remained significant after Bonferroni correction. Therefore, we did not use the BM848 locus in subsequent bottleneck tests in the Joe Budd population. We conducted bottleneck tests in all other populations assuming no linkage.
There was significant departure from mutation-drift equilibrium in six of the 16 Mississippi populations and in each of the three outside reference populations (T = 1.70 -3.30, P ≤ 0.04; Table 2 ). In each case, heterozygosity excess indicated that a genetic bottleneck had occurred. Heterozygosity excess was greatest in the three outside reference populations, where most or all loci exceeded expected values (Table 2) . Only the Malmaison population showed a trend toward heterozygosity deficiency, although not significantly. The qualitative plots of allele frequency distributions were unanimously 'L-shaped' (not indicative of bottlenecks), which conflicts with the conclusions from the Wilcoxon test (data not shown).
Relationships among populations
Pairwise permutation tests revealed significant differences between all pairs of populations with the exception of Noxubee and Walker. Estimates of D A between Mississippi populations ranged from 0.091 (Leaf River-Calhoun) to 0.284 (Tallahala-Walker; (Fig. 3A) . Upper Sardis, however, did not group with any Mississippi populations. Of the outside reference populations, Joe Budd was the most divergent from the Mississippi populations. Populations within the two groups did not necessarily cluster together based on geographical association.
The Leaf River group included Leaf River and seven other Mississippi populations (Fig. 3A) . Five of these seven populations received transplants from Leaf River (Table 1) . Although Juniper Creek and Pine Springs did not directly receive Leaf River deer, these populations are within 45 and 75 km of Leaf River, respectively, and also adjoin counties that received Leaf River deer. The Leaf River group populations span a broad geographical area of the state and several of the population pairs are separated by > 400 km (Fig. 1B) . However, with the exception of Chickasawhay, all populations in the Leaf River group had effective Nm with Leaf River in excess of 2.4 per generation; Nm for Calhoun, Chickasaw and Juniper Creek was > 3 (Table 3) . Allelic richness was similar within the Leaf River group populations (Fig. 2) .
The Western group consisted of seven Mississippi populations and the Oklahoma and Texas outside reference populations (Fig. 3A) . In general, populations within the Western group were more likely to show similarity based on geographical location. The strongest bootstrap support observed between Mississippi population pairs occurred in the Western group where the populations were separated by ≤ 93 km. The Amite-Wilkinson and Noxubee-Walker pairs appeared in 62 and 99% of bootstrap resamplings, respectively. The position of the other Mississippi populations within the Western group was not strongly supported, although the inclusion of Malmaison with the Noxubee-Walker group approached 50% support and the inclusion of Ashbrook and Sunflower with the AmiteWilkinson grouping is geographically concordant (Fig. 1B) . Nm estimates between pairs of populations in the Western group were typically lower than in the Leaf River group (range 0.81-2.20; Table 3 ). Allelic richness within the Western group was variable, with several nonoverlapping 95% confidence intervals observed (Fig. 2) .
Genetic distances were unequal among populations (Kruskal-Wallis test, χ 2 = 433.6, 170 d.f.), indicating the existence of a multivariate compromise structure. The correlation circle produced by the factor analysis suggested that the markers were largely congruent (data not shown), so PCA was performed using the standardized frequencies of the 240 alleles as variables. The first three principal components explained 27% of the total variation, seemingly a small amount but not surprising considering the large number of variables in the PCA (McGarigal et al. 2000) . When plotted in a three-dimensional space, these three principal components revealed a pattern of association that was concordant with that defined by the neighbourjoining tree and supported the association of populations into discrete groups (Fig. 3B) . Populations within the Leaf River group clustered together tightly in the upper leftmost portion of the plot. The Mississippi populations in the Western group formed a more widely spaced cluster in the lower right portion of the plot that reflected patterns of genetic distance recovered in the neighbour-joining tree and, to some extent, patterns of geographical distance. The outside reference populations were clearly different from Mississippi populations, as was Upper Sardis.
The Bayesian classification procedure assigned 332 of 444 (75%) Mississippi deer to the correct population. The frequency of misassignments varied among populations (10 -48%). In general, individuals within the Leaf River group were misassigned more often than in the Western group (Leaf River, range 13 -48%, median 31%; Western, range 10-32%, median 25%; Table 4 ). In cases where > 1 individual was misassigned to a specific population, the actual and assigned populations were typically geographically proximate for the Western group but not for the Leaf River group. Due to the qualitative differences in the geographical and genetic associations between the Leaf River and Western groupings, tests for isolation by distance were performed separately within each group (Table 5 ). There was no correlation between geographical and genetic distance in the Leaf River group (P = 0.64). A positive correlation between geographical and genetic distance was observed among the Mississippi populations in the Western group (R = 0.634; P = 0.02). These patterns of isolation by distance were reflected in the principal component plot, where the Leaf River group populations formed a tight cluster while the Western group populations were separated in a nearly linear fashion (Fig. 3B) .
Isolation by distance
Genetic structure
Estimates of θ revealed significant population structuring over all groups of populations with no apparent higherorder structure (Table 6 ). The amova analyses indicated that 93 -96% of genetic variation was contained within populations with very little partitioned among populations or groups. Population groups within subspecies designations Nei's D A was estimated using 17 microsatellite loci. The relationship between genetic and geographical distances was calculated using a Mantel test and significance was assessed with 1000 permutations. or defined by the neighbour-joining phenogram did not show differences in θ with the exception of the two O. v. texanus populations, where θ was significantly higher than for any group involving Mississippi populations. More importantly, confidence intervals for θ in the majority of groups tested overlapped regardless of the geographical separation between the populations. To ensure that population structure was not influenced by differences in mutation processes (e.g. mutations in flanking regions) between the di-and tetranucleotide-repeat loci, we estimated θ and 95% confidence intervals for all groups based only on the 10 dinucleotide repeats and obtained similar results (data not shown).
Discussion
Genetic bottlenecks
Patterns of heterozygosity excess suggest that many Mississippi populations and all outside reference populations experienced genetic bottlenecks, consistent with their known demographic history. However, the graphical tests for mode-shift of allele frequencies (Luikart et al. 1998) were not indicative of recent bottlenecks. There are several possible explanations for this. First, the mode-shift test is only a qualitative indicator and not a statistical test. The Type I error rate varies with sample size and is not recommended in samples of < 30 (Luikart et al. 1998) . Second, the mode-shift distortion in allele frequencies is only expected to occur for several dozen generations if N e is no more than about 20 during the bottleneck (Luikart et al. 1998 ). Under typical conditions, a female white-tailed deer will give birth to her first offspring at 2 years of age (Demarais et al. 2000) . Therefore, a minimum generation time of 2 years may be assumed (although the realized generation time in many populations is probably larger). If population recovery of deer in Mississippi began in the early 1930s, a maximum of about 35 generations has elapsed, approaching the estimated detectable limit for mode-shifted allele frequencies. Finally, the L-shaped allele frequency distributions indicate that more alleles are present at low frequencies than at high frequencies. This distribution of allele frequencies may reflect the rapid postbottleneck population expansion of white-tailed deer. Introduced Bennett's wallabies (Macropus r. rufogriseus) in New Zealand, which underwent a rapid expansion from a small (c. < 10) founder group, also show bottlenecks according to tests for heterozygosity excess but not modeshift (Le Page et al. 2000) . Under conditions of rapid expansion, the heterozygosity excess procedure may perform better than the mode-shift test. Empirical studies indicate that tests designed to detect temporal variation of allele frequencies perform better than other bottleneck tests, including tests for heterozygosity excess (Spencer et al. 2000) . However, we could not perform these tests because prebottleneck samples are not available.
As all Mississippi populations underwent either reductions in population size or founder events within the past 60-70 years, why are bottleneck signatures not present in all populations? The historical effective sizes of these populations may have been sufficient that the effects of Table 6 θ, 95% CI and analysis of molecular variance (amova) for hierarchical population groups (Weir & Cockerham 1984) 
Genetic diversity
Despite evidence of past genetic bottlenecks in some populations, restored Mississippi white-tailed deer have high gene and allelic diversity. A study of variation at the Mhc-DRB locus in white-tailed deer from restored and undisturbed populations mirrors this conclusion (Van Den Bussche et al. 2002) . In fact, the levels of genetic diversity that we observed in white-tailed deer are quite exceptional in comparison to other cervids that experienced population declines and subsequent recovery within the past century. The overexploitation of North American elk (Cervus elaphus) populations and their recovery due to protection and translocation is similar to that experienced by white-tailed deer. However, elk have much less microsatellite diversity (X alleles = 1.9 -4.7) than white-tailed deer and contemporary populations differ widely in heterozygosity (0.27-0.54; Polziehn et al. 2000) . Canadian moose (Alces alces) populations also have lower allelic diversity (X = 2.6 -5.2) and heterozygosity (0.22-0.41) at microsatellite loci than white-tailed deer (Broders et al. 1999) . Microsatellite heterozygosity in moose populations founded within the last century was 14 -30% lower than in source populations (Broders et al. 1999) . Japanese sika deer (C. nippon) experienced severe reductions in size as well as fragmentation of remnant populations within the past 150 years (Goodman et al. 2001) . Similar to elk and moose, sika deer populations have low and variable microsatellite allelic diversity (X = 1.8 -5.1) and differ greatly in mean heterozygosity (0.19 -0.60; Goodman et al. 2001) .
Comparisons of microsatellite diversity across species are qualitative. One explanation for the high genetic diversity that we observed in white-tailed deer may be that marker polymorphism was higher in our study relative to those available for other studies (Amos & Harwood 1998) . Regardless, the values that we observed in white-tailed deer were relatively uniform across a large geographical region irrespective of either the population restocking history or the occurrence of genetic bottlenecks. In contrast, recovered elk, moose and sika deer populations all vary widely in heterozygosity. Similarly, other populations of re-introduced mammals, including bison (Bison bison spp.; Wilson & Strobek 1999) , fishers (Martes pennanti; Williams et al. 2000; Kyle et al. 2001) , koalas (Phascolarctos cinereus; Houlden et al. 1996) and alpine ibex (Capra ibex; Maudet et al. 2002) have reduced and variable genetic diversity compared with source populations.
The similarity of genetic diversity observed among these white-tailed deer populations strongly suggests that the two factors that all populations have in common, rapid expansion and habitat continuity, played a large role. All southeastern white-tailed deer populations quickly attained large postrecovery population sizes. For example, Mississippi populations expanded extremely rapidly, from < 500 total deer c. 1929 to harvests totalling > 200 000 five decades later. Other species with a history of rapid expansion also show no evidence of reduced genetic diversity (Zenger et al. 2003) . These observations are consistent with theoretical predictions. Although the number of founders determines the number of alleles in a population, average heterozygosity is influenced mainly by the population's growth rate, assuming the population eventually attains large size (Nei et al. 1975; Hedrick 2000) . Populations which increase rapidly retain more variation because any losses of heterozygosity occur over a shorter period of time (Hedrick 2000) .
Unlike many other restored species, white-tailed deer currently enjoy a continuous habitat distribution with a virtual absence of geographical barriers. Habitat continuity would promote gene flow and reduce genetic drift. This may be an important factor in homogenizing levels of genetic variation as bottleneck signatures can be quickly erased in the presence of even low levels of immigration (Keller et al. 2001) . A study examining effects of landscape on patterns of genetic variation in Canadian lynx (Lynx canadensis) supports this conclusion. Lynx populations at the edge of the species' geographical range had reduced allelic diversity and heterozygosity compared with lynx in central populations where gene flow and effective population size are presumably higher (Schwartz et al. 2003) . Thus, it is likely that genetic diversity in southeastern whitetailed deer populations was retained by a combination of rapid population expansion and population connectivity.
However, there are additional behavioural factors that may have contributed to the retention of genetic diversity in white-tailed deer. The reproductive ecology of white-tailed deer differs from that of many species of large mammals. White-tailed deer have a tending-bond mating system (Hirth 1977) which may decrease the variance in male reproductive success relative to other mating systems, such as harem and lek mating. White-tailed deer females are promiscuous and the frequency of multiple paternity in single white-tailed deer litters may be quite high under some conditions (20-25% of compound litters; DeYoung et al. 2002; Sorin 2002 ; R. W. DeYoung unpublished data). Additionally, white-tailed deer are more r-selected than many other large mammals, as shown by the regular production of twin offspring and an earlier age of first reproduction (Geist 1998) . A combination of these factors may result in a much higher effective population size for white-tailed deer relative to other species of large mammals.
Relationships among populations
Translocations had a lasting influence on the genetic composition of some Mississippi deer populations. Many populations that received transplants from Leaf River are genetically similar to Leaf River regardless of their geographical separation. The population tree, multivariate analysis, patterns of isolation by distance, assignment test results and Nm estimates all support a common influence for Leaf River group populations. This is consistent with the findings of Leberg et al. (1994) and Leberg & Ellsworth (1999) who concluded that translocations had significant and lasting effects on the genetic composition of some southeastern deer populations.
In contrast, several factors support the preservation of historical (prerestoration) patterns of genetic variation in the Western group. First, the Western group contains presumed native stocks from Sunflower and Wilkinson (e.g. sites with no known history of translocations and in the vicinity of remnant native stocks). Most of the populations in the Western group are located near the Mississippi River where the majority of remnant native stocks persisted. Second, unlike the Leaf River group, populations in the Western group exhibited a significant isolation by distance relationship among populations. Third, the Western group was more closely associated with populations from Oklahoma and Texas in the tree-based and multivariate representations of population relationships. These observations are consistent with those of Ellsworth et al. (1994a,b) and Leberg & Ellsworth (1999) who confirmed the importance of recovered native stocks to some southeastern deer populations. However, the clustering of Malmaison with Noxubee and Walker and the inclusion of Noxubee and Walker with the Western group do not appear concordant. One possible explanation is that the robust native stocks that persisted in western Alabama (Blackard 1971) expanded into northeastern Mississippi. There are potential migration corridors between these areas along river systems which connect Noxubee and Walker to each other and to the Alabama populations. If historic patterns of genetic variation were preserved in western Mississippi and in western Alabama, then the grouping of Noxubee and Walker with the populations in western Mississippi may reflect these historical relationships. The strong genetic relationship between the Noxubee and Walker areas may reflect high contemporary gene flow but may also be indicative of recent population expansion into these areas from a common source.
Upper Sardis was not similar to any Mississippi population despite receiving deer from Leaf River and other intrastate sources (Table 1) . It is interesting to note that Upper Sardis was the only Mississippi population to receive deer from North Carolina. These observations are suggestive of a unique influence on the Upper Sardis population but we cannot evaluate this hypothesis without samples from the source population. It is also possible that genetic drift or other stochastic events, founder effects or admixture have resulted in allele frequency patterns highly divergent from other Mississippi populations.
It is important to mention that we found circumstantial evidence indicating that some translocations were not successful. For example, populations that received large numbers of deer from Wisconsin are not closely related, suggesting that deer from this region had little influence on the present genetic composition of these populations. Wisconsin was the largest extra-state restocking source in Mississippi, with 358 deer transferred. However, northernlineage deer appear to respond poorly to southern climates and pathogens (e.g. haemorrhagic disease; Davidson & Doster 1997; Jacobson & Lukefahr 1998) and may not have persisted in Mississippi. In contrast, the Leaf River group, which was established with transplants from Mexico, appears highly successful. These observations require further evaluation but seem to underscore the importance of using similar ecotypes in re-introduction programmes.
Genetic structure
The recovery programme was highly successful in restoring deer to their former range in Mississippi while avoiding loss of genetic diversity. Despite the presence of some historic patterns of genetic variation, most genetic diversity in contemporary populations is partitioned within populations with little or no higher-level structuring, consistent with the results of previous allozyme-based studies (Kennedy et al. 1987; Karlin et al. 1989 ) and a study of Mhc-DRB variation (Van Den Bussche et al. 2002) . In some ways, this is to be expected of populations that have experienced bottlenecks, unequal population sizes and probably genetic drift (Hedrick 1999) . The relocation of large numbers of deer within Mississippi (2554 recorded individuals) probably increased the chances of success for individual translocations and contributed further to the fine-scale genetic structuring. Despite the potential for gene flow in a highly vagile species such as white-tailed deer, the effect of translocations can still be detected in many populations, indicating that higher-order structure is not reforming. This is consistent with evidence that social factors (e.g. female philopatry and male dispersal) contribute to substructuring on a microgeographical scale in white-tailed deer populations (Mathews & Porter 1993; Mathews et al. 1997; Purdue et al. 2000) . Thus, disjunct patterns of genetic distance and fine-scale genetic structure will probably be a persistent feature of Mississippi deer populations.
Our analyses also failed to reveal genetic patterns consistent with the two white-tailed deer subspecies present in Mississippi. Honeycutt (2000) has indicated that the delineation of genetic stocks in several species of large mammals tends to provide a rather different pattern of diversity than suggested by the boundaries of subspecies and, in most cases, the number of distinct genetic stocks is considerably lower than the number of recognized subspecies. Our data as well as other studies (Ellsworth et al. 1994a,b; Leberg et al. 1994; Leberg & Ellsworth 1999 ) provide support for a relationship between translocation history and the current genetic similarity between white-tailed deer populations at least in some regions. Other large mammals with similar histories of translocations also fail to show congruence between formally recognized subspecies and current patterns of genetic variation (Lee et al. 1989 (Lee et al. , 1994 Polziehn et al. 2000) .
